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The behavior of silicon- and aluminum-containing calcium phosphate glasses and glass ceramic materials in 
water and physiological media is examined from the standpoint of their use as implantation material for bone 
endoprothesis and implantology. The results of a determination of the solubility parameters in in vitro experi¬ 
ments as a function of the chemical composition and structural particulars of the material are presented. It is 
confirmed that their use in in vivo experiments is promising. 
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Phosphate glasses are of interest from the stand point of 
developing special glassy materials (laser, dosimetric, uviol), 
protective coatings and others. A promising direction, which 
has been under intensive development since the 1980s, is as¬ 
sociated with the development on the basis of calcium phos¬ 
phate systems biocompatible and bioactive glassy, glass ce¬ 
ramic, composite materials for bone endoprostheses [1 - 6]. 
The revolutionary nature of these biomaterials is due to their 
capability to stimulate the restoration of damaged bone tis¬ 
sue. Their biocompatibility and bioactivity are based on the 
structural and chemical similarity of the material to the sec¬ 
tion of bone being replaced and the biochemical processes 
occurring on its surface with the participation of collagen, 
proteins, pectins and macrophages, which promote resorp¬ 
tion of the material and regeneration of the live bone tissue. 
The optimal behavior of the bone substitute is considered to 
be gradual degradation with complete replacement by the 
newly formed natural bone. 

Resorption of the implant, i.e., its gradual resorption in 
the body right up to complete degradation as a result of the 
action of physiological fluid, osteoclasts and macrophages, is 
largely determined by the chemical properties and hydrolytic 
stability of the implant material. In this connection, in deve¬ 
loping implantation materials for bone endoprostheses a 
great deal of attention is given to determining the level of 
solubility and interaction of the material with water and 
physiological media, finding the pathways for regulating so¬ 
lubility in a quite wide range in order to combine in time the 
processes leading to the resorption of the implant and 
osteogenesis of the bone tissue. 
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In the present article we present the results of research on 
the solubility in vitro of a number of calcium phosphate 
biomaterials for bone endoprosthesis — glass, glass ceramic 
materials and porous structures. 

EXPERIMENTAL PROCEDURE 

Chemically pure and analytically pure reagents were 
used as the initial materials for obtaining biomaterials: cal¬ 
cium carbonate, orthophosphoric acid (85% solution), sili¬ 
con, aluminum, titanium and zirconium oxides and boric 
acid. The glasses were synthesized in an electric laboratory 
furnace at temperatures 1200- 1400°C with 15-30 min 
soaking and subsequent output onto a metal plate. To obtain 
powder the glass was comminuted in a disk grinder and frac¬ 
tions with the required dispersity were extracted. 

The glass ceramic materials with different types of struc¬ 
ture were obtained: a) by casting glass technology 
(nonporous materials), b) by sintering of fine glass powder in 
the presence of disperse, fibrous and granulated consumable 
additives (materials with uniform or porous structure) and 
c) by the immiscible liquids method (porous granules). The 
granulometric composition of the glasses during the synthe¬ 
sis of porous materials was changed in the range 20 - 
450 pm. Sintering and crystallization of the materials were 
conducted in an electric laboratory furnace in the tempera¬ 
ture interval 900 - 950°C. 

To determine the behavior of the materials in water me¬ 
dia the powders or massive samples were boiled in distilled 
water for 1 h or held in artificial plasma in a thermostat at 
37°C with the ratio material: medium = 1 : 100. The level of 
solubility was characterized the follow parameters: losses (or 
increment) of the material mass, change of the pH of the me- 
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dium and concentration of calcium ion in solution. The mass 
losses were determined by weighing the samples before and 
after treatment in water medium, the pH of the solutions and 
the yield of calcium ions by measuring the potential of glass 
and calcium electrodes in standard and experimental solu¬ 
tions in an I 160 M laboratory ionometer. 

CALCIUM PHOSPHATE GLASSES, MODIFIED 
WITH SILICON OR ALUMINUM OXIDES 

In the present work, three-component aluminum- and si¬ 
licon-containing calcium phosphate glasses with molar ratio 
Ca0/P 2 0 5 = 1.1 and molar content of A1 2 0 3 or Si0 2 from 
2.5 to 20% (Table 1). The choice of these glasses is dictated 
by well-known tenets about the glass-forming power and 
hydrolytic stability of phosphate glasses. 

Most phosphate glasses are chemically unstable. This is 
due to the structural particulars of the main structural ele¬ 
ment of the glasses — phosphorus-oxygen octahedron with 
one double and three ordinary bonds (one 7i-bond and three 
a-bonds), and the structural particulars of the extended phos¬ 
phorus-oxygen motif comprised of these tetrahedra. The 
character of the structural phosphorus-oxygen motif is deter¬ 
mined by, first and foremost, the molar ratio of the sum of 
the modifying oxides to the binary calcium-phosphate 
glasses — ratio R = Ca0/P 2 0 5 . For i?<l a three-dimen¬ 
sional ultraphosphate glassy structure with a large number of 
hydrolytic unstable branch points, which are centers of 
chemical destruction of the material under the action of wa¬ 
ter media, easily formed in the material. Thus, binary ultra¬ 
phosphate glasses corrode even when stored in air [10]. 
These glasses are not prone toward crystallization with addi¬ 
tional heat-treatment, and the synthesis of glass ceramic ma¬ 
terials based on them is impeded. 

For R = 1 (metaphosphate compositions) extended poly¬ 
mer chains, formed by phosphorus-oxygen tetrahedra with 
two oxygen bridge atoms, predominate in the glass structure. 
Such structures are characterized by stronger bonds in a tet¬ 
rahedron and greater chemical stability and proneness to¬ 
ward crystallization with additional heat-treatment. For 
higher values of R , equal to 2 or 3, short phosphorus-oxygen 
chains characteristic for pyro- and orthophosphates form. 
Such structures are distinguished by low glass-forming 
power, and they are difficult to obtain in the glassy state at 
ordinary rates of cooling of the melt. 

The three-component compositions taken for these stu¬ 
dies (see Table 1) lie in the metaphosphate region of the 
phase diagram of the Ca0-P 2 0 5 system. Glasses in this re¬ 
gion are low-melting, are well melted at temperatures to 
1400°C, are characterized by gradual (prolonged) surface 
dissolution in water media, and in the presence of catalytic 
additives can crystallize with the formation of a glass ce¬ 
ramic structure [10]. 

The introduction of a third component into binary cal¬ 
cium phosphate glasses strongly affects their hydrolytic sta- 


TABLE 1 . Solubility of Three-Component Calcium Phosphate 
Glasses in Water (Boiling of Powders for 1 h) 



Molar content, % 

Mass losses, 

pH of me¬ 
dium 

System 

A1 2 0 3 

Si0 2 

% 

Ca0-P 2 0 5 -Al 2 0 3 

2.5 

— 

1.53 

5.3 


5.0 

— 

0.67 

5.7 


7.5 

— 

0.47 

6.0 

Ca0-P 2 0 5 -Si0 2 

— 

5.0 

5.70 

5.0 


— 

10.0 

13.50 

4.8 


— 

15.0 

43.10 

4.0 


— 

20.0 

79.80 

3.5 


bility, which depends on the nature of the cation introduced 
(see Table 1). Aluminum oxide increases glass stability in 
water media — an increase of its content from 2.5 to 7.5% 
decreases the mass losses during treatment in water by a fac¬ 
tor 3. Conversely, silicon oxide decreases the resistivity of 
glasses very strongly, making them hydrolytically unstable 
so that in time they completely degrade in water. 

The nonunique effect of the oxides studied on the hydro¬ 
lytic stability of glasses is a consequence of the different po¬ 
sition of the added ions in the phosphorus-oxygen frame¬ 
work of the glass. According to previous studies [10], the 
aluminum cation, occupying in the glass structure the posi¬ 
tion of a modifying ion, binds chains of phosphate tetrahe¬ 
dra, increasing the connectedness of the glass structure as a 
whole. Such structures, which are more polymerized than bi¬ 
nary ones, are chemically more stable. Silicon manifests the 
properties of a glass former and becomes incorporated into 
anionic phosphorus-oxygen chains, forming a mixed phos¬ 
phorus-oxygen framework. The presence of two different 
cations — phosphorus and silicon — weakens the bonds in¬ 
side the structural chains, makes them more hydrolytic and 
degrades the stability of the glass in water. 

Aside from the low hydrolytic stability the behavior of 
phosphate glasses in interaction with water media exhibits a 
number of particularities, which fundamentally distinguish 
them from silicate glasses. The main difference is that as a 
result of leaching and hydrolysis high-silica hydrolyzed lay¬ 
ers, possessing protective properties and slowing the interac¬ 
tion to the point of completely stopping it, form on the sur¬ 
face of silicate glasses. Such layers do not form on the sur¬ 
face of phosphate glasses; the interaction continues in time 
and in the absence of special measures results in complete 
degradation of the material. The capability of phosphate 
glasses to undergo prolonged (long-time) dissolution at a rate 
determined by their chemical composition makes it possible 
to obtain on their basis biomaterials that can be gradually re¬ 
placed by newly formed bone and be completely resorbed 
into the body. 

Another feature of the dissolution of phosphate glasses is 
that as a result of not only cationic but also anionic compo- 
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TABLE 2. Solubility of Three-Component Calcium-Phosphate 
Glasses in Artificial Plasma (Samples Thermostated at 37°C) 


System 

Content, 

mol.% 

Losses, 

10 2 g/cm 2 
after treatment 

pH of medium 
after treatment 

ai 2 o 3 

Si0 2 

7 days 

21 days 

7 days 

21 days 

Ca0-P 2 0 5 

— 

— 





Ca0-Al 2 0 3 -P 2 0 5 

2.5 

— 

0.08 

0.13 

6.9 

7.0 


5.0 

— 

0.10 

0.32 

7.0 

6.9 


7.5 

— 

0.11 

0.26 

7.2 

7.1 

Ca0-Si0 2 -P 2 0 5 

— 

5.0 

1.40 

2.51 

6.8 

6.0 


— 

7.5 

0.91 

1.11 

6.9 

6.9 


— 

10.0 

0.54 

0.61 

6.9 

7.0 


nents of glass transitioning into water the medium becomes 
acidic with a low pH. Significant deviations of the pH of a 
medium from neutral in the direction of elevated alkalinity as 
well as in the direction of acidity adversely affect the viabil¬ 
ity of living tissues and limit the possibility of using a mate¬ 
rial in direct contact with them. Rapid dissolution of cal¬ 
cium-silicon-phosphate glasses is accompanied by a strong 
drop of the pH of the medium, which becomes acidic. In the 
presence of calcium-aluminum-silicate glasses the drop in 
the pH of the medium is not so critical because of their 
greater hydrolytic stability (see Table 1). 

On the whole the regularities that have been found re¬ 
main in the study of the behavior of synthesized glasses in 
artificial plasma, simulating the physiological medium in the 
body. Under these conditions calcium-silicate-phosphate 
glasses are likewise less hydrolytically stable than calcium- 
aluminum-phosphate glasses, though the differences in the 
values of their solubility parameters are not so great (Ta¬ 
ble 2). It should be kept in mind that when glasses are treated 
in artificial plasma prolonged dissolution of the material 
(mass loss of the sample) occurs in parallel with the forma¬ 
tion on the surface of the material of layers of amorphous 
calcium phosphate (mass increment of the sample), which in 
the body act as donors of calcium and phosphorus ions, 
which are necessary for new bone to grow. In addition, artifi¬ 
cial plasma is a buffer, stabilizing the acid-base characteris¬ 
tics of the medium. As a result the parameters studied (mass 
loss, pH of the medium) in this case are a complex reflection 
of several physical-chemical processes, which can have op¬ 
posite effects on these parameters. 

In summary, the introduction of a third component into 
metacalcium-phosphate glasses — silicon or aluminum oxi¬ 
de — makes it possible to synthesize biomaterials with much 
different hydrolytic stability in water media, ranging from 
extremely fast degradation (calcium-silicon-phosphate com¬ 
positions) to comparatively high resistivity (calcium-alumi- 
num-phosphate compositions). 


CALCIUM PHOSPHATE GLASS CERAMIC 
MATERIALS 

Glass ceramic materials — biositals, characterized by 
greater strength — are more effective (compared with 
bioglasses) for fabricating implants or endoprostheses that in 
the body are subject to static or dynamic loads [11, 12]. The 
behavior of glass ceramic biomaterials in water media and in 
the body is subject to more complex laws compared with 
glasses, since it is determined by many factors — the type 
and chemical properties of crystallized phases, their content 
in crystallized material, the chemical composition and con¬ 
tent of the residual glassy phase. 

The crystallization properties of the calcium phosphate 
glasses studied are determined by the ratio R = Ca0/P 2 0 5 . 
Glasses with ultraphosphate compositions are highly stable 
against crystallization. Glasses in the meta-, pyro- and ortho¬ 
phosphate regions of the phase diagram (Ca0/P 2 0 5 > 0.7) 
crystallize in the temperature range 700- 1100°C with cal¬ 
cium meta- and/or pyrophosphates precipitating and form a 
large-crystalline structure, characteristic for spontaneous sur¬ 
face crystallization of the glass. Catalytic and modifying ad¬ 
ditives (titanium, zirconium and boron) introduced into the 
glasses promote the formation of a uniform, volume-crystal¬ 
lized glass ceramic structure, represented by crystals of cal¬ 
cium, titanium, zirconium and residual glass phase. The solu¬ 
bility of crystalline pyrophosphates is extremely low, so that 
the behavior of the materials in water media is determined 
mainly by an unstable residual glass phase. 

In the crystallization process, the chemical composition 
of the residual glass phase is constantly changing as a result 
of a transition of a definite part of the components into the 
crystalline component of the material. The calculations per¬ 
formed and the experimental determination of the composi¬ 
tion of the residual glass phase by means of local x-ray spec¬ 
tral analysis [13] show that on crystallization the contents of 
phosphorus oxide and aluminum oxide (or silicon oxide) in 
the glass phase increase as the content of calcium oxide de¬ 
creases. Thus, the molar content of P 2 0 5 can reach 65% 4 
with CaO content less than 35% (Ca0/P 2 0 5 = 0.46), while 
the content of the third component (A1 2 0 3 ) can increase to 
10% (the initial composition of the glass (%): 39.1 P 2 O s , 
43.5 CaO, 4.35 A1 2 0 3 , 4.35 B 2 0 3 , 4.35 Zr0 2 and 4.35 Ti0 2 . 
In other words, on crystallization of the glass the composi¬ 
tion of the residual glass phase shifts into the ultraphosphate 
region and becomes enriched with components that do not 
participate in the construction of the crystalline phase — alu¬ 
minum or silicon oxide. 

The crystallization shift of the composition of the resi¬ 
dual glass phase into the ultraphosphate region must be ac¬ 
companied by a sharp increase of the solubility of the crys¬ 
tallized material, similarly to the phenomenon observed in 
study in the hydrolytic stability of calcium phosphate glass 


4 Here and below the molar content of the components, unless 
otherwise stipulated. 
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pH 



Ca0/P 2 0 5 


Fig. 1. Solubility of calcium-aluminum-phosphate glass ceramic 
materials in water versus the ratio Ca0/P 2 0 5 (powders thermostated 
at 37°C): 1 ) pH; 2 ) mass losses. 


ceramic materials with different ratio Ca0/P 2 0 5 (Fig. 1). 
However, this effect has been observed experimentally only 
for calcium-silicon-phosphate glass ceramic materials (Ta¬ 
ble 3). In this case the degradation of the material in artificial 
plasma reaches high values and the pH of the medium drops 
catastrophically. The behavior of the calcium-aluminum- 
phosphate glass ceramic materials is significantly different: 
the specific mass losses are close to zero; the pH is stabilized 
at the level of a neutral medium and compared with the ini¬ 
tial glass the hydrolytic stability is practically unchanged. 
The results obtained give a basis for assuming that the pres¬ 
ence of a third component in the residual calcium phosphate 
that weakens (Si0 2 ) or strengthens (A1 2 0 3 ) the phospho¬ 
rus-oxygen motif of the glass phase has a predominating ef¬ 
fect on the hydrolytic stability of the material. This factor is 
more important than a change in the ratio Ca0/P 2 0 5 . In cal¬ 
cium-silicon-phosphate materials both factors, determining 
the solubility of the residual phase (Ca0/P 2 0 5 and the Si0 2 
content), tend to lower its hydrolytic stability while in cal¬ 
cium-aluminum-phosphate materials these factors (Ca0/P 2 0 5 
and the A1 2 0 3 content) act in the opposite directions, which 
on the whole determines their much higher resistivity. 

It is doubtful that calcium-silicon-phosphate glass ce¬ 
ramic materials will be used as implantation materials be¬ 
cause of the strong increase in the acidity of the medium oc¬ 
curring when these materials undergo rapid dissolution. In 
the present work calcium-aluminum-phosphate glass ceramic 
materials were taken to develop biomaterials with a different 
type of structure. 

GLASS CERAMIC MATERIALS WITH DIFFERENT 
TYPES OF PORE STRUCTURE 

In order to ensure a strong biochemical and mechanical 
bond between an implant and the bone tissue it is expedient 
to use porous glass ceramic materials with predominant pore 
size about 500 pm. Glass ceramic materials with uniform po¬ 
rosity and channel or cellular pore structure as well as porous 
granulated materials based on crystallized calcium-alumi- 


TABLE 3. Solubility of Glass Ceramic Materials in Artificial 
Plasma (Samples Thermostated at 37°C for 14 days) 



Content, mol.% 

Specific 

pH of the 
medium 

System 

ai 2 o 3 

Si0 2 

losses, 

10 _ 2 g/cm 2 

Ca0-Al 2 0 3 -P 2 0 5 

2.5 

— 

0.03 

7.2 


5.0 

— 

-0.32 

7.2 


7.5 

— 

-0.33 

7.2 

Ca0-Si0 2 -P 2 0 5 

— 

5.0 

10.91 

2.9 


— 

7.5 

12.93 

3.6 


— 

10.0 

4.95 

4.6 


TABLE 4. Characteristics of Glass Ceramic Materials with Different 
Types of Pore Structure 

No. Material characteristics Structure (SEM) 


1 Glass particle size 
40 - 450 pm. 
Consumable 
additive — starch. 

Popen = 3 °- 45% - 
Average pore size 

60- 150 pm 

2 Glass particle size 
40-350 pm. 
Consumable additive 
cotton filaments. 

P open = 40 - 60%. 
Channel pore size 

150 - 500 pm 

3 Glass particle size 
20 - 40 pm. 
Consumable additive 
paraffin granules. 

Popen = 50 - 70%. 
Average pore size 

500 - 2000 pm 

4 Glass particle size 
40 - 80 pm. 
Consumable additive 
gelatin. 

P open = 40 - 60%. 

Granule size 
200 - 2500 pm 


Uniform porosity 



Channel porosity 



Cellular porosity 



Porous granules 



num-phosphate compositions were studied in the present 
work (Table 4) [14, 15]. Blanks molded by different methods 
from calcium-aluminum-phosphate glass powder were 
heat-treated at 900 - 950°C, combining crystallization and 
sintering processes. The synthesized porous glass ceramic 
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Treatment time, h 



Fig. 2. Dissolution of porous calcium phosphate glass ceramic ma¬ 
terials in water medium (thermostating of samples at 37°C): a) mass 
losses, %; b ) pH of the medium; type of pore structure: 1 ) uniform; 
2 ) channel; 3 ) cellular. 


[Ca 2+ ], mmol/liter 




0 50 100 150 200 250 300 350 

Treatment time, h 


Fig. 3. Concentration of calcium ions in a solution of artificial 
plasma with thermostating of glass powders with particle size 20 pm 
(curve 1 ) and 40 pm (curve 2 ) (a) and materials with uniform struc¬ 
ture and porosity 20 (curve 1 ) and 40% (curve 2){b). 


materials contained to 80% crystalline phase, represented by 
crystals of a- and P-Ca 2 P 2 0 7 , TiP 2 0 7 and ZrP 2 0 7 and their 
solid solutions. The content of the residual glass phase was 
more than 20%. 

The type of pore structure in the material has a strong ef¬ 
fect on its hydrolytic stability and subsequent behavior inside 
the body. A transition from a uniform pore structure to chan¬ 
nel and cellular structure is accompanied by an increase in 
the total porosity of the materials (see Table 4) and a signifi¬ 
cant increase of the specific contact area between the mate¬ 
rial and the surrounding medium. This accelerates the inter¬ 
action between the material and the external medium, in¬ 
creases the mass loss and degradation rate of the material and 
changes the acid-base characteristics of the medium. Thus, a 
material with channel porosity and 120-h thermostating in 
water degrades four times more rapidly while a material with 
cellular structure six times more rapidly than material with 
an underdeveloped uniform pore structure under the same 
test conditions (Fig. 2). The highest rate of dissolution with 
developed porosity is fixed at the initial stages of the interac¬ 
tion — during soaking in water medium for up to 20 h. As 
the contact time with the medium increases the rate of degra¬ 
dation of the materials decreases, which could be associated 
with a decrease in the structure of the material of the amount 
of the unstable residual glass phase dissolving most actively 
at the initial stages of the interaction. 



Fig. 4. Histological section of calcium phosphate glass ceramic 
biomaterial with channel pore structure, implanted into rabbit bone 
tissue, after 8 months of observation: 1 ) newly formed bone tissue; 
2 ) osteocytes and osteoblasts; 3 ) bone marrow. 


The role of the residual glass phase in the dissolution of 
porous materials can be illustrated using the results of the de¬ 
termination of the calcium ions in the solution of the artifi¬ 
cial plasma with thermostating of calcium-aluminum-phos¬ 
phate glass powder with dispersity 40 and 160 pm in it and 
massive samples of glass ceramic materials with uniform 
pore structure and porosity 20 and 40% (Fig. 3). 

For minimum mass losses of the material with uniform 
porosity the concentration of calcium ions in a solution of ar¬ 
tificial plasma is three times higher than in the presence of 
calcium-aluminum-phosphate glass, on the basis of which 
this material was obtained. The different rates of dissolution 
of glasses and materials based on them with the thermo¬ 
stating time increased above 1 day are related with the 
change in the composition of the residual glass phase. 

When using highly porous materials the increase of the 
acidity (lowering of pH) of the surrounding medium during 
their intense dissolution can present a definite problem 
(Fig. 2). However, if the medium is continually renewed in 
the body this factor does not have an adverse effect on the 
surrounding tissue, which is indicated by tests of porous ma¬ 
terials in in vivo experiments. 

Implantation of the glass ceramic materials developed 
with porous structure of different types into chinchilla rabbit 
bone tissue at age 10 months to 1 yr showed that active 
growth of new bone tissues in the pore space of the implant 
is observed within 2 months after implantation. New bone 
tissue with osteocytes, osteoblasts and bone marrow was 
found in the channels of the material at 8 months of the ex¬ 
periment (Fig. 4). 

CONCLUSIONS 

The study of the solubility of glasses and glass ceramic 
materials in water and physiological media in vitro is a ne¬ 
cessary step in the development of biomaterials based on 
them for bone endoprosthesis and implants and makes it pos¬ 
sible to predict the behavior of these materials in the body. 
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The regularities found in the dissolution of calcium phos¬ 
phate glasses and glass ceramic materials favor calcium-alu- 
minum-phosphate sitals with channel pore structure. In vivo 
experiments with these materials attest to their efficacy as 
implantation materials in bone surgery. 

This work was performed with the financial support of 
the RF Ministry of Education and Science under contract 
No. 11.G34.31.0027 “New functional possibilities of glasses 
and glass ceramics. ” 
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